Abstract. The peaked ion-temperature profile with steep gradient so called ion internal transport barrier (ion ITB) was formed in the neutral beam heated plasmas on the Large Helical Device (LHD) and the high-iontemperature regime of helical plasmas has been significantly extended. The ion thermal diffusivity in the ion ITB plasma decreases down to the neoclassical transport level. The heavy ion beam probe (HIBP) observed the smooth potential profile with negative radial electric field (ion root) in the core region where the ion thermal diffusivity decreases significantly. The large toroidal rotation was also observed in the ion ITB core and the transport of toroidal momentum was analyzed qualitatively. The decrease of momentum diffusivity with ion temperature increase was observed in the ion ITB core. The toroidal rotation driven by ion temperature gradient so called intrinsic rotation is also identified.
Introduction
Improved confinement is a key issue for thermonuclear fusion experiment in stellarator/heliotron devices as well as tokamaks. Internal improved modes have been realized in stellarator/heliotron plasmas using center-focused intense electron cyclotron heating (ECH), for example, electron internal transport barrier (ITB) in the Compact Helical System (CHS) [1] , Wendelstein7-AS [2] , TJ-II [3] and the Large Helical Device (LHD) [4] [5] [6] , and the core electron temperature is significantly enhanced by the formation of these electron ITBs. The transition of radial electric field from negative to positive was observed in the formation of electron ITBs and the bifurcation of neoclassical electric field is considered as a mechanism of transition to electron ITB in stellarator/heliotron plasmas [7] . Thus this type of electron ITB is also called as Core Electron-Root Confinement (CERC) [8] .
On the other hands, there seems to be large varieties of improved modes in ion transport in stellarator/heliotron such as Heliotron-E [9] [10] , Wendelstein7-AS [11] , CHS [12] [13] and LHD [6, [14] [15] [16] [17] [18] [19] [20] [21] . The role of radial electric field is also considered to be important to understand the improvement of ion transport. The strongly negative electric field at the edge region was observed in the Wendelstein7-AS high density discharges (n e =5x10 19 m -3 ) and a transport barrier was formed there. The behavior of radial electric field can be explained by neoclassical theory [11] . In CHS, two type of improved confinement of ion transport were observed. One is a high-T i mode in neutral beam heated plasmas with electron density of 1-3x10 19 m -3 . The high-T i mode is realized with low recycling wall condition and characterized by a peaked density profile, a high-T i (up to 1keV), reduction of ion thermal diffusivity without a reduction of electron thermal diffusivity and an enhanced negative electric field [12] . The other is obtained in electron ITB discharges with low density (n e <0.4x10 19 m -3 ). The radial electric field is positive in the core and negative at the edge and is consistent with prediction of neoclassical theory. The transport barriers are located at different radial position between electron (r/a=0.3-0.4) and ion transport barriers (r/a~0.6). It is suggested that the electron transport barrier locates internal region where the positive radial electric field is large and the ion transport barrier does at the outer region where the shear of radial electric field is large [13] .
In tokamak devices, strong and weak ITBs formed depending on the magnetic field configuration and have been studied intensively [22] . The location of strong ITB is related to the position where the safety factor (q) becomes the minimum. The flow shear/radial electric shear was observed at the strong ITB and the shear rate exceeded the turbulence decorrelation rate. The large toroidal rotation in the counter direction was observed at the barrier position in the strong ITB discharges in JT-60U [23] , which is considered as a pressure driven toroidal rotation [24] . Recently, toroidal rotation attracts much attention because of suppression of MHD instabilities such as resistive wall mode as well as the link to the radial electric field. Thus, understanding of intrinsic rotation and momentum transport is also a key issue to control the transport and MHD stabilities.
In LHD, a high-T i plasma characterized by the peaked ion-temperature profile with steep ion temperature gradient, so-called ion ITB, was observed in neutral beam heated plasmas and extended the high-T i regime of helical plasmas. The large toroidal rotation in the co-direction was also observed in the ion ITB core. In this paper, the reduction of thermal diffusivity of ion ITB plasma and the radial electric field observed by heavy ion beam probe (HIBP) are discussed. The momentum transport and the intrinsic rotation driven by ion temperature gradient are also discussed.
Apparatus
The experimental stage is the LHD which is the world's largest superconducting magnetic confinement device employing a heliotron concept [25] . The magnetic field of up to 3 T is provided steadily. The toroidal and poloidal periods are n = 10 and m = 2, respectively. The major and averaged minor radii are 3.9 m and 0.6 m, respectively. The current plasma heating capability is 21 MW of neutral beam injection (NBI), 2.9 MW of ion cyclotron range of frequency (ICRF) and 2.1 MW of ECH. Three negative-ion-based NBIs (N-NBIs) produce hydrogen neutral beams with the beam energy of 180 kV and total port-through power of 16MW [26] . The N-NBIs are tangentially injected to LHD plasma (BL1:co, BL2:counter and BL3:co-direction), and the NB driven plasma current and the toroidal momentum input are provided for various types of plasma experiments by means of the combination of N-NBIs. The positive-ion-based NBI (P-NBI) with low energy of 40 keV was perpendicularly injected with the port-through power of 6 MW for high power ion heating experiments [18, 27] . In present experiment, ion temperature and rotation profiles are measured by charge exchange spectroscopy (CXS) system [28] , and electric field can be observed by CXS only in periphery because of extremely hollowed impurity profile in ion ITB discharges [29] . In the core region, electrostatic potential profile/electric field is measured by heavy ion beam probe (HIBP) [30] . 
Figure 1. (a) Time evolution of heating power of ECH, N-NBI and P-NBI, (b) average electron density, (c) stored energy and radiation power and (d) central electron and ion temperature.
EXC/P4-08
Experimental Results and Discussions

Ion ITB Discharge
The improvement of ion transport in the core region has been observed and high-T i plasma beyond T i (0) = 5 keV was realized in NBI heated LHD plasmas [17] [18] . Figure 1 shows the typical wave form of high ion temperature plasma with the inwardly-shifted configurations with R ax = 3.60 m. The magnetic axis position is an important parameter in LHD experiment because the inward shifted configuration has a good particle confinement and the outward shifted has a good MHD stability in LHD configuration. The magnetic field strength is B t = -2.90 T, and the sign of B t indicates the direction of coil current; negative value means that the equivalent current is counterclockwise (CCW) corresponding to the co-NBI dominant condition.
A carbon pellet was injected to two N-NBIs sustained plasma at t = 1.8 sec then the line averaged electron density rapidly increased. The ion ITB was also observed without carbon pellet injection [17, 31] and the achieved ion temperature with carbon pellet is higher than that without carbon pellet. In the density decay phase after carbon pellet injection, the third N-NBI and P-NBI were added to heat plasma with total high power beyond 20 MW of port-through power of NBIs. The ion and electron temperatures increase with decrease of electron density. The central electron temperature saturated at T e (0) ~ 4 keV. Further increase of ion temperature and formation of peaked profile with steep gradient of ion temperature (ion ITB) were observed after saturation of electron temperature, which is shown in Fig. 1-(d) . The electron temperature has a broad profile as shown in Fig. 2 -(a) and no ITB was observed in electron temperature simultaneously, whereas the profile of ion temperature becomes peaked (ion ITB formation), which is shown in Fig. 2-(b) . Then the central ion temperature of T i (0) = 5.6 keV was achieved with the electron density of n e0 =1.6 x 10 19 m -3 (line averaged of n e = 1.3 x 10 19 m -3 ). The peaked profile of toroidal rotation in the co-direction was also observed as seen in Fig. 2-(c) . Figure 3 shows the ion thermal diffusivity estimated at L-mode phase (t = 2.01 sec), transition phase (t = 2.16 sec), and ITB phase (t = 2.36 sec). The evolution of density and temperature profiles was taken in account. In L-mode phase, the ion thermal diffusivity 
Reduction of Ion Thermal Diffusivity
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becomes large in the core where ion temperature is high and is roughly scaled by gyro-Bohm scaling; χ i~Ti 1.5 . After the superposition of additional NBI, the ion thermal diffusivity decreases in time, that is, with increase of ion temperature. The reduction of ion thermal diffusivity with a factor of three was identified in the core region of the ion ITB plasma. The neoclassical transport was calculated by GSRAKE code [32] , In the core region, the neoclassical ion thermal diffusivity is almost unchanged between before and after the transition to the ion ITB, which is also shown in Fig. 3 . The neoclassical diffusivity becomes relatively large at the half radius region, because the radial electric field estimated by the neoclassical ambipolarity approaches 0. In the periphery, multiple-roots are predicted by the neoclassical theory. The experimentally obtained ion thermal diffusivity in the ion ITB core reached the same level to the neoclassical one, indicating that the anomalous transport is significantly reduced.
Radial Electric Field
The radial profile of electrostatic potential was measured by HIBP and CXS in the condition of ctr-NBI dominant condition, because HIBP system works only in the positive B t (the equivalent current is in CW) conditions. Figure 4 -(a) shows the electrostatic potential profile of ion ITB plasma measured by HIBP in the magnetic configuration of B t = 2.75 T and R ax = 3.60 m. The ion temperature profile of this plasma is inserted in Fig. 4 -(a) and shows clear ion ITB formation. The radial electric field estimated by observed potential profile is shown in Fig. 4 -(b) and is negative in the ion ITB region. The neoclassical radial electric field estimated by neoclassical ambipolarity is negative (ion root) in the whole radial position and seems to be consistent with the HIBP observation in the core. In the edge region, the radial electric field was observed by CXS and is positive. The neoclassical positive electric field (electron root) in the edge region marginally disappears in the this discharge. The positive electrostatic potential in the core region is consistent with the positive electric field in the edge region. It is noted that the reduction of anomalous transport in the ion ITB core is realized where the electric field is negative (neoclassical ion root).
Significant outward convection of impurities and resultant extremely hollowed profile of impurities, so-called "impurity hole" were observed in ion ITB plasma [29, 33] . The neoclassical transport of impurities is dominated by radial electric field effect and is inward in ion ITB plasmas [34] . It is noted that the compatibility between good confinement of bulk ion and selective exhaust of impurities is an inevitable property for steady state fusion burning plasma operation, and it has been only observed in helical plasmas. The observation of impurity transport characteristics in ion ITB plasma is discussed in another paper in this conference [35] . 
Momentum Transport without Intrinsic Rotation
Figure 4. (a) Electrostatic potential profile measured by HIBP and ion temperature profile is also shown in inserted graph. (b) Radial electric field measured by HIBP (closed circles) and by CXS (open rectangles). The solid line indicates the neoclassical electric field.
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As seen in Fig. 2-(c) , the peaked profile of toroidal rotation was observed in the ion ITB core region. The direction of toroidal rotation is determined by the momentum input via tangential NBI. The toroidal rotation velocity and the velocity gradient increase with the normalized NBI torque, which is shown in Fig. 5 . The gradient of toroidal velocity also increases with ion temperature gradient [36] . These experimental observations suggest the improvement of momentum transport occurs when the ion heat transport is improved. Here we discuss the quantitative estimation of the momentum diffusivity (viscosity).
The quantitative evaluation of local momentum input is required to estimate local momentum transport. The NBI heating profile can be calculated by FIT code for transport study of LHD plasmas. The FIT code was improved, and the momentum depositions profile to electron and ions were also calculated individually. The momentum deposited into electron transfers to ions due to the collision effect, thus the ions eventually receive all momentum deposited by the NBI. In the case of helical plasma, a parallel viscosity is important, because the dumping of toroidal rotation due to the parallel viscosity is significant in the peripheral region. The local momentum flux is written by
where Γ M , T ext , m i and µ || are the radially transported momentum flux, external momentum input calculated by FIT code, ion mass and parallel viscosity, respectively. The second term indicates the effect of profile changes in time. The third term indicates the damping of the toroidal rotation due to magnetic field ripple. The parallel viscosity is calculated by 
neoclassical theory and is negligibly small in the plasma center and large at the periphery. The flux and gradient relation of momentum transport is shown in Fig. 6 . In the L-mode phase, the gradient of toroidal momentum increases with the radial momentum flux, whereas it increases with an almost constant momentum flux in the ion ITB phase. The heat and momentum diffusivities are compared in Fig. 7 , in which the off-diagonal terms such as intrinsic rotation are not taken in account. The ion thermal diffusivity decreases in the transition phase from L-mode to ion ITB phase and the viscosity behaves similarly, thus the momentum transport is also improved in the ion ITB plasma. The absolute value of viscosity is same order with the ion thermal diffusivity, that is, Prandtl number(=µ/χ i ) is 0.5-1.0.
Effect of Intrinsic Rotation Driven by Ion Temperature Gradient
Here other effects on momentum transport are discussed. The radial momentum flux is considered to be given by the radial gradient of plasma parameters such as temperature, electrostatic potential, density and so on,
where f and φ are a function and electrostatic potential, respectively. The velocity gradient dependence is a diagonal term corresponding to viscosity. The temperature and potential gradient effects are off-diagonal effects, or so-called intrinsic rotation. The flux-gradient relation of toroidal rotation (Fig. 6) shows an offset of momentum transport, indicating an existence of off-diagonal effect. The potential gradient (electric field) in ion ITB core is weakly negative and almost constant during discharge. In order to investigate the temperature gradient effect, the data set with a constant velocity gradient shown in Fig. 5 -(b) with colored circles is plotted in Fig. 8 as a function of temperature gradient. The external torque normalized by density (the vertical axis of Fig. 8 ) is directly related to the momentum flux given by eq. (1), in which the velocity gradient and parallel viscosity are almost constant in present condition. Thus, the existence of temperature gradient effect on the momentum transport was identified in the ion ITB plasmas. The dependence shown in Fig. 8 means an intrinsic rotation in the co-direction driven by ion temperature gradient. This observation is consistent with previous observation of intrinsic rotation without ion ITB discharges [37] . The qualitative evaluation of off-diagonal terms and diagonal term are required for further understanding of transport linkage among particles, momentum and heat, which is left for the future study.
Summary
The ion ITB formed in NBI heated plasmas of LHD and is characterized by peaked temperature and toroidal rotation profiles with steep gradient, power threshold, no ITB in electron temperature profiles. The ion temperature of 5.6 keV was achieved with a carbon pellet injection discharge. The ion thermal diffusivity decreases with a factor of three was identified in the ion ITB core and reaches the neoclassical transport level. The radial electric field in the ion ITB core region was observed by HIBP and is negative (ion root), which is consistent with theoretical prediction based on neoclassical ambipolarity. The large rotation velocity was observed in the ion ITB core and the momentum transport is also improved there. The intrinsic rotation in the co-direction driven by temperature gradient was identified in the core region.
